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Report D-920243-12

Investigation of Collision Probability of Electrons and

Tons with Alkali Metal Atoms

Semiannual Progress Report - October 22, 1964, to May 11, 1965

Contract NAS3-41T1

Summary

This report is a summary of the experimental research investigations con-
ducted at the United Aircraft Corporation Research Laboratories to‘determineZEgg col-
lision probabilities of electrons and cesium ions with cesium atomé}during the second
six-month period from October 22, 1964, to May 11, 1965, under Contract NAS3-L41T1.

In previous studies under Contract NASr-112, electron-cyclotron resonance techniques
were employed to measure the electron-cesium atom collision probability over an en-
ergy range fram 0.05 to 0.10 eV. A modified Ramsauer beam experiment was employed
under the same contract to measure the collision probability of cesium ions with ce-
sium atoms over the energy range from 0.12 to 9.7 eV. The results of these investi-
gations were reported at the IEEE Thermionic Conversion Specialist Conference,
Gatlinburg, Tennessee, on October T to 9, 1963. The work under this present contract
represents an extension of these earlier investigations. In the first six-month pe-
riod of the contract, EEFliminary measurements of electron-cesium atom cross sections
were made, and the cesium ion-atam total collision cross-section information obtained
under Contract NASr-112 was analyzed to determine low energy cesium ion mobilitie§f1
The results of the ion mobility analysis were presented at the TEEE Thermionic CSB:'
version Specialist Conference held in Cleveland, Ohio, on October 26 to 28, 1964.

In this period{a cesium arc discharge has been used in conjunction with electro-
static and rf conductivity probe techniques to determine the collision probability

of electrons with cesium atoms over the energy range from 0.2 to 0.6 eizjifﬁrther
cesium ion-cesium atam collision probability measurements have been made in the
existing modified Ramsauer beam experiment in an attempt to extend the energy range
of these measurements below 0.1 eV, )} Ion beam energy distributions have been obtained
at 0.1 eV, ion beams with energies of 0.058 eV have been successfully detected, and
preliminary collision cross-section data are reported herein. Experiments are con-
tinuing to refine and further analyze these data.: A knowledge of both the collision
probability of electrons and cesium ions with cesium atoms is essential in the analy-
sis of the neutralization plasma existing in the thermionic converter as well as be-
ing Qgportant in the analysis of other devices that employ cesium vapor in an ionized
state .\"\

~
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ELECTRON-CESTUM ATOM COLLISION PROBABILITY MEASUREMENTS

1. Introduction

Electron-atom momentum transfer collisions are known to play a dominant
role in the determination of the transport properties of slightly and partially ion-
ized plasmas. As a result, a knowledge of the elastic electron-cesium atam collision
cross section for mamentum transfer, or collision probability, is a prerequisite for
obtaining an understanding of the physical properties of the non-equilibrium plasma
that exists in thermionic converters and other plasma devices employing cesium vapor
in an ionized state. In most practical cesium plasma devices, electron mean ener-
gies are less than 1 eV. In this range of electron energies, there is approximately
an order of magnitude variation in the experimental cross-section values reported in
the literature with no particular energy dependence exhibited in the data.

A compilation of the available electron-cesium atom collision probability
data is presented in Fig. 1., R. B. Brodet measured the total collision probability
(approximately equal to the momentum transfer collision probability for nearly iso-
tropic scattering) over thirty years ago using monoenergetic electron beam tech-
niques. His measurements cover a range down to an electron energy of approximately
0.6 eV and are considered to have established at least the approximate magnitude
and general qualitative behavior of the collision probability for energies near
1l eV. However, experimental difficulties associated with the use of very low en-
ergy electron beams have prevented the extension of these methods to lower energies,
and in fact, Brode's measurements have not even been checked for cesium at the
higher energies.

The data presented in Refs, 2 to 11 have been determined from electron
swarm experiments where the electrons are distributed in velocity over almost the
entire energy range from O to 1 eV, These experiments were each designed to meas-
ure a different electron transport property in a cesium plasma, from which an aver-
age collision probability was then detemmined. For example, the high-frequency
microwave effective collision frequency was measured (Ref. 2), microwave cyclotron
resonance absorption spectra were studied (Ref. 3), the direct current plasma con-
ductivity was determined (Ref. 5), the dc properties of gas discharges in cesium
were measured (Refs. 9 and 10), and the single data points presented in Fig. 1
represent, for the most part, average collisional parameters inferred from the
operational characteristics of devices such as the thermionic converter. Unfor-
tunately, the importance of proper averaging of the velocity dependent collision
probability over all electron velocities has not been appreciated, and since plasma
transport properties depend on the averaging process, large discrepancies in the
various measurements can exist as a result of misinterpretation of experimental
data, even though the measurements may be correct.

Another significant point is the consideration of the role played by
electron-ion collisions in the varicus investigations. For approximately half

-2 -
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of the available experimental collision probability date, particularly those cbtained
from device studies, electron-ion effects have been neglected altogether. For the
other half, it has been assumed that electron-atom and electron-ion resistive effects
can be treated separately and added like resistivities without regard to the method
of averaging over the electron velocity distribution. This procedure and other such
averaging techniques can result in large errors in the interpretation of experimental
data if the collision probability is a strong function of electron velocity, as most
of the available experimental and theoretical work for cesium indicates.

The objective of the research program reported herein was to obtain reli-
able experimental deta from measurements of the plasma properties in the positive
column of a dc cesium arc discharge, which is amenable to analytical and laboratory
diagnosis. These measurements lead to an effective electron-cesium heavy particle
collision fregquency from which the actuzl momentum transfer collision probability
was then obtained from an analysis of the integral equation describing the effec-
tive collision frequency. With these results a comparison was made with the exist-
ing collision probability data interpreted on a consistent basis and with the
available theoretical predictions of the electron-cesium atom collision probability.

2. Theory and the Plasma Model

Homogeneous Plasma

The equation describing the electron current flow through a plasma under
the int'luence of a dc electric field may be derived on the basis of the physical
model for a plasma originally developed by Lorentz.l2,13,14% 1n this approach, it
is assumed that collisions are instrumental in setting up a nearly spherically
symmetric velocity distribution of electrons and that small deviations from spheri-
cal symmetry are described accurately enough by the second term in the spherical
harmonic expansion of the velocity distribution function. Upon substitution of
this first order expansion into the Boltzmann equation, two coupled equations de-
scribing the relationship of the terms of the expansion result. From these rela-
tions and the equation for particle current, the following equation may be obtained
for the current density:

am nee? [ v3(dto/dv)
JE- 3 W+ VE (1)
m I/eu Vv l/ei v

where
m - electron mass
e - electronic charge
Y - electron velocity
Ne - electron number density
J - current density
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E - electric field intensity
f - 1sotropic part (first term in spherical harmonic expansion) of the velocity
distribution function normelized with respect to electron density
VagolV)- elastic electron-atom collision frequency for momentum transfer
Vpi (v)- effective elastic electron-ion collision frequency for momentum transfer

In this derivation it has been assumed that the plasme is homogeneous, that the col-
lisional friction force exerted on electrons is due to elastic momentum transfer en-
counters with heavy particles which are assumed infinitely massive in comparison with
electrons, and that electron-electron encounters have no direct influence on the mo-
mentum of the electron gas. A more complete analysis of the problem, which yields
this result, is presented in Ref. 13.

For the cesium arc discharge plasma (to be described in Section 3), which
is the subject of this analysis, the relatively high degree of ionization results in
extremely short electron thermalization times. Therefore, it will be assumed that
electron-electron collisions are influential in establishing a Maxwellian distribu-
tion of electron velocities, and Eq. 1 becomes

5 (00) __m\l2
8 nee2 [ m \3 | vie?lTe
J= dvE, (2)
3/ m \2kT, Vel V) + Vi (V)

0

where k is Boltzmann's constant and Te the electron temperature. The validity of
the assumed Maxwellian form for the electron velocity distribution and of the other

PR T T CUQUATERY SUNQUApSI SR A FE S - DI I I DU | 1 T MG, RS- R VR o [N I S B R o [T PR
T bl o W e S hhd tmth | W amain b e e e O WA W e WS W ddemiete WA A ] LA e dedd MW AL/LL T B Ao e T

expressed in the convenient form

2
g- Ne® ¢ (3)

M Vets

where Vg , the effective electron heavy particle mamentum transfer collision fre-
quency, is defined by

0 _mv?

-1__8 m_\ v e 2kTe

Vyr = T ( ) ————dv . (4)
3V \2kTe ] oy Veq (V)47 (V)

3
2

The velocity dependent electron-atom and electron-ion collision frequencies are
related to their respective momentum transfer cross sections by

Yog (V) =Ny Qag(VIv,  Vgi (V) = 1n; Qgi(Vv, (5)
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where

Ng - atom density

Qaqlvi- elastic electron-atom momentum transfer cross section

n; - ion density (equal to electron density in a neutral plasma)
Q,ilv)- effective elastic electron-ion cross section.

The stubstitution of this form for the collision frequency into Eq. 4, after
normalization with respect to atom density, results in the following expression
for the normalized effective collision frequency:

_my?
et 5 v3e 2k

| 5

Vats\™ 2
v —( e") = ( AL > dv
ef! \ ng 3./ \2kTs 5 Qeal{v)+aQei(v)

= giT,,a), (6)

where @ is the degree of ionization defined as the ratio of electron density to atom
density. Equation 6, defining the normalized effective collision frequency, represents
an average of the total normalized electron heavy particle momentum transfer collision
frequency and is a function of electron temperature and degree of ionization alone.
It should be noted that this normalized effective collision frequency is not the
simple average of collision frequency over the velocity distribution but rather is
the average of the reciprocal sum of momentum transfer collision frequencies repre-
senting specifically the over-all resistive effect of momentum transfer collisionson de
current flow. This collision parameter, if known as a function of electron tempera-
ture and degree of ionization, would be extremely useful in the calculation of de
VLGUPPUL L plupTi Lics iu piGdwas S&ULislylug Lic GoswupoLions waal 1n Shis analyis.
Equation 5 relates the effective elastic electron-ion momentum transfer
collision frequency to an electron-ion collision cross section which represents the
collective effects of electron-ion interactions. Isolated coulomb collisions in a
plasma cannot be physically distinguished because of the long range of the coulcmb
force field. However, as an approximation, a two-body coulomb collision term can
be derived classically in which scattering is limited to particles within a Debye
sphere about the test charge. This procedure eliminates the divergence of the in-
tegral describing the effective electron-ion momentum transfer cross section and
reasonably accounts for the shielding effect which results in the necessarily finite
value for the cross section. The derivation of the effective electron-ion collision
term presented in detail in Refs. 13 and 15 reduces to the following expression:

IZTT’(EokTe/ee)3/2
a2 !
e

(7)

—_— .!og3
4me"m y n

where €, is the permittivity of free space. Upon substitution of the appropriate
constants and after consideration of the experimental range of electron temperatures
and densities covered in this investigation, Eq. 7 becomes
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Qgi(v) = 0,806 x107 & (To) v 4, (8)

where &(Tg) is approximately one and results from the logarithmic term in Egq. T.
Equation 8 is plotted in Fig. 2 for two typical electron temperatures. The
representation of the effect of electron-ion interactions by Eqs. 7 and 8 is
adequate for the purpose of this investigation, since electron-ion effects never
dominate in the range of plasma conditions encountered in this experiment.

Diffusion Dominated Arc Discharge Plasma

In the analytical development leading up to Eq. 6, it was assumed that
the plasma was homogeneous. In the case of the cylindrical cesium arc discharge,
it is assumed that axial and circumferential uniformity exists and that the only
gradient in the radial direction is the electron density variation resulting from
particle diffusion to the walls of the discharge tube. Because there are no sig-
nificant plasma gradients in the direction of discharge current flow, the plasma
behaves as though it were homogeneous, and a simple averaging process can be used
to account for the radial variation in discharge current density caused by the
diffusion gradient in electron density. When the radial variation in the degree
of ionization is considered, Eq. 2 becomes

5 r Q0 .l

2 3 _2kie

). 8 a(r)ez( m )2J 3¢ e oE . (9)
/T 0m 2kTe/ ofy Qeqlv)+a(r)Qgilv)

where the form relating the collision frequenecy to cross section (Eq. 5) has been
used. ©Since it is assumed that circumferential uniformity in plasma properties
exists, the current flow through a cross secticnal area of the discharge tube is
given by

R
I-= 277_/C;J(r) rodr , (10)

where I is the discharge current and R the tube radius. If it is assumed that the
radial variation in degree of ionization can be reasonably represented by a parabola
of the form

alr) = ayli-r?/R?), (11)
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where @, is the degree of ionization on the tube axis, and this form is then used
in Eqs. 9 and 10, the total discharge current becames

~

R P00 _mv®

. J7 2 2 (1-r2/R%)v3e 2kTe
1. 16/ age ( m )2 s rdv drE, (12)
3 m 2kTe o % Qag(V)+ay(1-r</R%)Qglv)

Since r and v are independent, the radial integration can be performed, and Eq. 12
reduces to

5 ® my2
2 2 [ 3 2T, 2
I=-5 , %° ( m )2 vele |, GelV) e( Qealv) )dver— E. (13)
3/ m \2kTe /opy @g QgilV) @ Qilv) Qeqlv)+apQgi (V)

Once sgain an effective collision frequency can be defined from the relationship
between current flow and electric field intensity, i.e.,

2 2

Ng, € T R

1= .
M Vot 2

E . (1)

Solving for the effective collision frequency defined by Egs. 13 and 14 and normal-
izing with respect to atom density yields

~in

} g [ 5 -f Q gg(V)
Ue,:flz 16 ( m )zjv e ckle I+ QealV) Ioge< ea ) dv = g(Te,a,) . (15)
3V/T\2kTe/ o) @ Qgi (V) Ay Qgi( V) Qeql(V)+ag Qej (V)

This expression, like Eq. 6 for the homogeneous case, represents the normalized
average of the total electron heavy particle momentum transfer collision frequency,
with the exception that in Eq. 15 spatial averaging has been performed to account
for the radial dependence of the electron-ion contribution to the over-all resist-
ance to discharge current flow.

It is apparent from Eq. 15 that knowledge of the normalized effective
collision frequency dependence on electron temperature and degree of ionization
could lead to information pertaining to the electron-satom cross section which
appears in the integrand of the integral. An extensive numerical analysis of
trial functions for the electron-atam cross section has been carried out based
on the experimental information obtained from this investigation. The results
of that analysis are presented in Section 6.

The normalized effective collision frequency of Eq. 15 can be related
to the measurable parameters of the cesium discharge plasma from Eq. 1hk. Using
the perfect gas relationship
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Ng = - (16)
where

p - cesium vapor pressure
Tg - cesium vapor temperature,

the following expression for the effective collision frequency can be obtained:

2 2
x _ €%k 7TRne E

- : 1
Vett = Zm (P/Ty I (1)

Equation 17 was used to determine experimentally the normalized effective collision
frequency from measurements of electron density, electric field intensity, gas pres-
sure and temperature, and discharge current.

3. Description of the Experiment and Disgnostic Techniques

Discharge Tube

The laboratorv vlasma used in this investisation wme the naeitive 2oliumm
of a cesium arc discharge. The theoretical analysis presented in the previous sec-
tion was used to describe the arc discharge plasma which has properties in the
ranges of practical interest and which is more suitable for laboratory diagnosis
than cesium plasma devices such ag the thermionic converter. For moderate cesium
pressures (1072 to 10~1 mm Hg) and arc currents (0.3 to 1.5 amps), the electron
temperature in the positive column varied from approximately 2500 to hSOOOK, the
electric field from 0.2 to 0.6 volts/em, the electron density from 101 to 3 x 10
elec/cc, and the degree of ionization from approximately 3 x lO’lL to 3 x 10-3.

12

Of the parameters in Eq. 1T required to obtain experimentally the normal-
ized effective collision frequency, the electron density and temperature are the
two most difficult to measure., Various plasma diagnostic techniques are available;
however, the most practical for obtaining these particular plasma properties is the
electrostatic probe. From an analysis of the current-voltage characteristics of an
electrostatic probe, the electron temperature and density can be determined and the
assumption regarding the equilibrium distribution of electron energies verified.

In addition, the electric field can be determined from plasma potential measurements
made with probes positioned axially along the positive column. A high degree of
spatial resolution can be realized with electrostatic probes, and they can be moved
from point to point in the plasma to measure local conditions.
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As a check on the potential measurements made with electrostatic probes and
on the discharge current measurements, rf conductivity probes have been used to meas-
ure the plasma conductivity. With this technique a small probing rf coil is inserted
in the plasma. The magnetically induced rf electric field of the coil penetrates into
the plasma which behaves as a lossy medium for the rf power, loading the coil to an
extent determined by the plasma conductivity. Therefore, a measurement of the power
dissipated can be directly related to the plasma conductivity. These measurements
provide an independent check on the experimentally determined ratioc of current den-
sity to electric field intensity. A description of the rf probe and its associated
instrumentation is presented in Refs. 16 and 1i7.

A photograph of a typical discharge tube is shown in Fig. 3. Cathode-to-
anode separation in this tube is 50 cm, and the inside diameter is 3.8.cm. The
cathode, a 1.25 cm in diameter tantalum tube, received heat indirectly from a tung-
sten filament positioned within the tantalum tube which provided a separate vacuum
chamber for the filament, isclating it from the plasma. Ceramic spacers prevented
electrical contact between the cathode and heater which was bifilar wound in order
to effectively cancel the magnetic field resulting from the flow of current through
the heater. The electrostatic probe sidearm assemblies shown in the photograph are
constructed in such a way that the probes, which protrude through a small hole in
the wall of the discharge tube, could be moved radially into the plasma by means of
a magnet. The probes were constructed of 0.010-in. diameter tungsten rod covered
with a glass sheath which served as an electrical insulator. The entire assembly
averaging 0.018 in, in diameter was ground flat, exposing only the 0.010-in. tung-
sten tip to the plasma. Great care was exercised in the fabrication of the elec-
TIoSuavic pruves iun usdel LU mAKE LLEM 48 Small as possible and so that the tip
of the probe (collection area) exposed to the plasma was both flat and flush with
the glass insulation. The probe tips were periodically examined with a microscope
at operating temperature in the discharge tube so that any flaw could be detected.
A schematic of the moveable probe and sidearm assembly is shown in Fig. L.

During operation the tube was located within a dual oven assembly which
controlled the gas temperature and prevented cesium from condensing on the tube
walls. The cesium appendix shown in Fig. 3 extends down to the lower portion of
the oven, which was always held at a lower temperature than the main oven in or-
der to control the cesium vapor pressure. The cesium pressure was determined from
the cesium vapor pressure curve of Ref. 13 and is a strong function of temperature.
Consequently, stabilization and control of the temperature in the pressure control
oven containing the cesium reservoir was critical. The temperature in this oven,
which vas varied from 150 to 200°C in order to achieve the range of pressures of
interest, was controlled by a temperature stabilization circuit capable of holding
the oven temperature to within * l/éOC, equivalent to a pressure variation of ap-
proximately te per cent. The sensing element for the circuit was a commercially
available platinum wire resistor positioned in close contact with the liquid cesium
in the appendix. Cesium reservoir temperature was measured with two precision
grade laboratory thermometers which were calibrated by the manufacturer against
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& standard that has been calibrated at the NBS. These thermometerswere certified
accurate to T 1/8°C. Temperature gradients inside the ovenwere effectively elimi-
nated by circulating the air with a fan. In order to determine the gas temperature,
thermocouples were secured to the glass wall of the discharge tube. A thermocouple
positioned in a small well on the tube axis and one positioned near the inside wall
of the tube verified that the arc did not cause significant heating of the gas.

Figure 5 shows a tube designed for use with the rf conductivity probe.
The conductivity probe shown in the figure was inserted axially through a hole in
the anode in order to take advantage of the common symmetry of the probe, rf fields,
and the plasma. Figure 6 is a detailed view of the anode area of this tube. Elec-
trostatic probes were positioned in the region of the conductivity probe so that
the electric field could be determined in the portion of the discharge tube occu-
pied by the probe well. During operation the rf coil was positioned along the tube
axis at the midpoint between the two electrostatic probe locations shown in Fig. 6.
The probe coil shown in this photograph contained approximately 20 turns of 0.010-in.
gold wire wrapped in the grooves of a threaded glass sleeve; the coil was 0.25 in.

long.

Electrostatic Probe Measurements

The electron temperature, electron density, and plasma potential varia-
tions in the discharge have been measured using pulsed, electrostatic probe tech-
niques. A pulsing system was used to apply a cleaning pulse, sweep voltage or data
acqguisition vpulse. and rest valtage o the orcbos the tinme Juiabiow ol wach poriion
of the probe pulse could be varied independently. The time scale of the total pulse
applied to the probe with this system ranged from approximately 100 microseconds to
100 milliseconds. With such versatility the effect of changing probe surface con-
ditions, errors due to circuit and plasme response limitations, and the effect of
plasma drift or instability could be detected. The importance of being able to vary
sweep speed and applied voltage in this manner is detailed in Refs. 19 and 20.

Since the physical presence of the probe may significantly perturb the
plasma, as outlined in Ref, 21, errors in the determination of electron density
from probe measurements can be related to probe size. In order to check on pos-
sible perturbations of the plasma resulting from the presence of the electrostatic
probes, a special discharge tube was constructed which contained probes of a sig-
nificantly larger size than the 0.010-in. dismeter probes described previously.
Incorporated in this tube were three 0.010-in. diameter and two 0.0315-in. diame-
ter electrostatic probes alternately positioned along the tube axis. The large
probes occupied a volume about three times as large as the small probes and had
a collection area approximately ten times larger. Measurements made over the en-
tire range of cesium pressures and arc currents used in this investigation indi-
cated no significant variation of either electron density or temperature with
probe size. The greatest discrepancy in the electron density, as determined with
the large and small probes, was 20 per cent at the highest cesium pressure. On

- 10 -
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the basis of these results, it was concluded that the small 0.010-in. diameter probes
did not perturb the plasma for the conditions encountered in these measurements.

Conductivity Probe Mcasurements

Conductivity probing techniques have been used as & check on the measurement
of the ratio of current density to electric field intensity (an average conductivity).
This ratio was determined from measurements of the plasma floating potential along the
tube axis and the current flowing through the plasma. The rf probe detects the con-
ductivity in its immediate vicinity by dissipating a very small amount of radio fre-
quency (10 mc) power in the plasma. This weak interaction with the plasma was detected
by observing the resistive loading of a sensitive oscillator-detector. The loading was
then compared with a calibration curve obtained by placing the probe in a variety of
salt solutions having known conductivities. From such a comparison the conductivity
of the plasma was determined. A typical calibration curve is shown in Fig. 7. Probes
of this type are very sensitive to temperature change and must be temperature corrected
by determining the amount cf energy dissipated in known resistive loads at the tempera-
tures the probes will encounter in operation (200 to 300°C). The amount of energy dis-
sipated at operating temperature was then compared to the amount dissipated at room
temperature for a fixed resistive load. Fromthis information a temperature correction
was applied to the salt solution calibration curve so that temperature effects could
be distinguished from those due to real power dissipation in the plasma. In order to
make a valid comparison of the data obtained by the two methods, the manner in which
the radial variation of the conductivity was weighted by each measuring technigue has
toonm concilcrcd.  The cumducuiviuvy vulalued from ole IL0oating potential and discharge
current measurements was a simple average of the radial conductivity variation, whereas
the conductivity obtained from the rf probe measurements was weighted by the square of
the rf electric field. A comparison of the two technigues has been made by numerically
integrating the appropriate averages for a class of functions representative of the
radial variation in plasma conductivity in the vicinity of the probe well. Since the
main plasma loss mechanism was diffusion, the plasma conductivity was assumed to vary
from a maximum value near the center of the annular region occupied by the plasma to
zero at both the wall of the probe well and the wall of the main tube. With this as-
sumption, the integration describing both averages was then performed numerically.

The ratio of the averages is a correction factor relating the data obtained from the
two conductivity measurement techniques. The correction factor cobtained in this man-
ner was approximately 1.l. A slight modification of the assumed radial conductivity
variation or of the radial dependence of the rf electric field amounted to only about
one or two per cent, and therefore, a ratio factor of 1.1 was used to compare the data
obtained using the two techniques.

Using the rf conductivity probe, measurements of plasma conductivity
were made as a function discharge current and cesium pressure and compared to the
average conductivity determined from the ratio of current density to electric field
intensity as determined from the electrostatic probes. Figure 8 shows a typical plot
of conductivity as a function of are current. It can be seen that the agreement

- 11 -
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between the two techniques was quite good, with the largest discrepancy (30 per cent)
occurring at low discharge currents. The difference between the two techniques was
within the limits of experimental uncertainty of the conductivity probe measurements,
and therefore, it was concluded that the electric field as determined from floating
potential measurements made with the electrostatic probes was correct.

., Verification of Assumptions

During the course of the theoretical analysis describing the plasma model,
which was to be representative of the laboratory plasma, several restricting assump-
tions were made which require some justification if the model is to be considered
reasocnable,

Spherical Symmetry of the Distribution Function

In the series expansion of the electron velocity distribution function, it
has been assumed that small deviations from spherical symmetry are described adequately
by the second term in the expansion. That is, the anisotropy of the distribution func-
tion due to the net flow of current was assumed to be small. This is equivalent to the
requirement that the average drift velocity of the electrons must be small compared to
their thermal speeds. For the range of operating conditions of this experiment, this
condition was satisfied as can be seen from the following relations. The current den-
sity is related to the average drift velocity by

J=ng e <Vd>v . (18)

where <&a>v is the drift velocity averaged over all electron velocities. From
Egs. 3 and 18 it is apparent that the drift velocity is given by

V) = Wy - (19)

The most probable velocity for a Maxwellilan distribution is

|
2k Te\2
Vinp * ( w ) , (20)

and it is required that

<Yd>v‘ e E//ﬁxyeﬁ (21)
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For the experimental variations of electric field intensity, effective collision fre-
quency and electron temperature encountered in this experiment, this ratio was approxi-
mately 0.05 and varied very little about this value. Consequently, the first order
expansion for the distribution function is adequate.

Contributions to Electron Heavy Particle Collision Frequency

The assumption that the only significant contribution to the velocity depend-
ent momentum transfer collision frequency comes from elastic electron-atom and electron-
ijon collisions is also reasonable. For the electron temperatures encountered in this
investigation, the contribution to the total momentum transfer collision frequency from
inelastic collisions must be approximately two orders of magnitude less than that due
to elastic electron heavy particle collisions because of the very small percentage of
electrons having sufficient energy to make an inelastic collision with a cesium atom.
Mutual electronic interactions cannot alter the momentum of the electron gas directly,
since the total change of mamentum in such encounters must be zero. Although electron-
electron collisions can influence the rate of electron heavy particle collisions by
altering the anisotropic part of the distribution function, the resultant change in
the effective collision frequency has been found to be only about 40 per cent for the
case of a fully ionized plasma which would represent the extreme case.22 Therefore,
for the degrees of ionization encountered in this investigation (10-} to 10-3), this
effect must be small.

Form 9£ the Distribution Function

A knowledge of the form of the isotropic part of the velocity distribution
function is of prime importance. It has been assumed that mutual electron interactions
are effective in establishing & nearly Maxwellian distribution of electron velocities.
This assumption is reasonable for the degrees of ionization encountered in this inves-
tigation, as can be shown by the following analysis. The rate of energy input to the
electrons from the electric field must be balanced by the rate of inelastic electron
energy loss, which is the dominant energy loss mechanism in the cesium arc discharge.
Therefore, as energy is supplied to the electrons residing in the body of the velocity
distribution by the electric field, it must be redistributed through electron inter-
actions in such a way as to replace the losses due to inelastic collisions in the tail
of the distribution. In this manner the process is maintained. As the degree of ion-
ization rises, the more frequent encounters between electrons tend to drive the dis-
tribution function towards Maxwellian. The transition in the distribution from that
characteristic of a weakly ionized gas to a Maxwellian distribution occurs over sev-
eral orders of megnitude in degree of ionization. However, an indication of the likeli-
hood of the existence of a Maxwellian distribution can be obtained by comparing the
approximate rate of electron energy exchange for a Maxwellian distribution to the
rate of energy input from the electric field. An approximate expression for the rate
of energy exchange among the electrons of a Maxwellian distribution is
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Uth _ kTe g 127 {eokTa/e?)®/2 (22)
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where Uy, is the energy corresponding to the most probable electron speed and Tge
is an electron-electron relaxation rate characteristic of the time required for an
electron to approach the average energy of the distribution.l3 The rate of energy
input from the field is given approximately by the ratio of the average drift en-
ergy to the average relaxation time of the drift energy; i.e.,

2

U 2 (e E)
d__ - 2
Tort <Vd>v ett = “mugrr (23)
It is required that
Ud /Tett

For the ranges of electron temperature, electron density, electric field intensity,
and effective collision frequency encountered in this experiment, this ratio varied
from approximately 10 to 100, This indicates that the rate at which the electrons

of a Maxwellian distribution could replenish the losses due to inelastic collisions

L Lue Ligh energy vall OI Tne VelocllY daistribution greatly exceeds the rate at

which these losses occur. Therefore, it is reasonable to assume that the distribu-
tion function was Maxwellian for the body of slow electrons responsible for the
transport properties in the plasma. Deviations from the Maxwellian form probably
occur in the vicinity of the first excitation level, 1.38 eV for cesium. However,

the trial function analysis (to be discussed in Section 6) has shown that, for the
range of electron temperatures encountered in this investigation, the exact form of
the various terms in the integrand of the integral equation describing V;f (Eq. 15)
is of little importance for electron energies greater than about 0.7 eV and has almost
no effect for energies greater than 1 eV, It is for this reason that the collision
probability velocity structure cannot be determined above about 0.6 eV (Section 6).
The linear behavior of the semilog plots of the electrostatic probe current-voltage
characteristic 1s experimental verification of the existence of a Maxwellian distribu-
tion of velocities, at least for the slcow moving electrons in the body of the distri-
bution. A typical probe curve (Fig. 9) exhibits the linear behavior indicative of the
existance of a Maxwellian distribution over approximately one and a half decades in
probe current. Deviations from linearity at the low probe currents (approximately

10 microamps) were random in nature and due to the limits of sensitivity of the system.
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Spacial Variation of Plasma Properties

The approximation of the radial variation of the degree of ionization by a
parabola has been verified experimentally. In a diffusion dominated plasma the elec-
tron density would be expected to fall from a maximum on the tube axis to very nearly
zero as the tube wall is approached. If the rate of electron production is directly
proportional to electron density, the radial profile would follow & zero-order Bessel
function. Radial measurements of electron density have been made with the moveable
electrostatic probes over all ranges of discharge current and pressure. A typical
plot of the radial density profile is shown in Fig. 10 for various arc currents
where & comparison is made with both the lowest order Bessel function and the assumed
parabolic form. It is apparent fram this figure that the assumption of a parabolic
radial dependence for the electron density and consequently the degree of ionization
was satisfactory. The electron temperature determined from the radial measurements
showed no significant dependence on redial position. The verification of the exist-
ence of the diffusion profile in electron density and the symmetry of the density
profile with respect to the tube center line are further evidence that the electro-
static probes are not perturbing the plasma.

The Bessel function in Fig. 10 seems to be a slightly better fit to the
data than the parabola. However, use of the Bessel function rather than the parab-
ola in the analysis of Section 2 would result in an unnecessary complication of the
mathematics. A correction factor could be used to alter the parabolic form so that
Thal Yadlal aveoiage ul vuc pasavuia and LUE LEBSL CUlVe LLUrougl TIEe 0Aata woula De tne
same. However, this correction would be small and well within the limits of experi-
mental uncertainty. Consequently, since nothing meaningful would be gained by mak-
ing such a correction, the parabolic form of Eq. 11 was used in the calculations of

the normalized effective collision frequency.

The axial uniformity of plasma properties was verified from measurements
made with electrostatic probes positioned axially along the discharge columm.
Measurements made over all discharge conditions indicate no significant axial
gradients in plasme properties.
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5. Measurements and Results

Typical measurements were conducted with cesium pressure and discharge cur-
rent as independent experimental varilables. All other plasma properties are estab-
lished by fixing these two parameters and the temperature of the gas. The experi-
mentally determined plasma properties for a typical test run are presented in Figs. 11
to 1k. Figure 11 presents the electron temperature determined from the slope of the
semilog current-voltage characteristics of the electrostatic probes as a function of
discharge current and cesium pressure. As can be seen from the figure, the electron
temperature is rather insensitive to pressure but is a rather strong function of dis-
charge current, particularly for low currents. Approximately a 2000°K temperature
range is covered in these measurements with the electron temperature varying from
approximately 2500 to 4500°K. The variation of electric field in the plasma with
discharge current and pressure 1s shown in Fig. 12. From measurements of the plasma
floating potential cobtained with probes positioned along the axis of the tube and
from a knowledge of the spacing between probes, the electric field intensity was
calculated and found to vary from about 0.2 to 0.6 volts/ém. The electric field,
which supplies energy to the electron gas, has the same qualitative behavior with
current and pfessure as the electron temperature. The electron density in Fig. 13
is the value measured on the axis of the tube and exhibits a strong dependence on
both discharge current and pressure. From the value of the electron density, which
varies from about lOll to 3 x lO12 electrons/cc, and the cesium atom density calcu-
lated from the perfect gas law (Eq. 16), the degree of ionizationwas obtained and is
plotted in Fig. 14. Note that, although the absolute value of electron density in-
creases with increasing pressure., the desree of ionization decreases. TRerance of
the radial variation of electron density and the independence of atam density on
tube radius, the degree of ionization varies radially in the same manner as the
electron density (Fig. 10).

Experimentally Determined Effective Collision Frequency

Using the relationship of Eq. 17, the normalized effective electron-cesium
heavy particle collision frequency has been determined over the range of plasma vari-
ables from the experimental data of several test runs, such as those in Figs. 11 to
14, Figure 15 presents this effective collision frequency as a function of electron
temperature and degree of ionization on the tube axis. The effective collision fre-
quency data of this figure were obtained from two different discharge tubes and sev-
eral electrostatic probes positioned at different points along the tube axis. In
spite of this variation in experimental conditions, the scatter in the data points
is very small., As is apparent from Fig. 15, a clearly defined trend in the colli-
sion frequency exists with both electron temperature and degree of ionization. Of
particular significance is the strong dependence of effective collision frequency
on electron temperature. Moving along a constant degree of ionization line, the
effective collision frequency increases by a factor of two over the experimental
temperature range. Also significant is the fact that the collision frequency shows
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a pronounced dependence on the degree of ionization in the 10'“ to 10'3 range, where
electron-ion effects in cesium plasmas are often neglected. Consequently, the neces-
sity of including electron-ion effects in the theoretical analysis of the plasma
model becomes apparent.

Although the arc discharge used in this investigation is essentially free
from gradients in the direction of current flow, many practical cesium devices, such
as the arc mode thermionic converter, have significant variations in plasma proper-
ties along the direction of electromn transport.23 Since the electron heavy particle
collisions impede the motion of electrons due to density and energy gradients in much
the same fashion as in the case of electron mobility due to electric fields, it can
be shown that the equations relating plasma transport properties to the effective
collision fregquency can be expanded in more general terms to include plasma nonuni-
formities. When this is done, the thecretical integral expressions for effective
collision frequency (Eqs. 6 and 15) appear in the resulting gradient terms. There-
fore, the experimental determination of the effective collision frequency (Fig. 15)
is of considerable value when making calculations pertaining to device performance,
et al, since the experimentally determined effective collision frequency is equal to
the integral equation itself. However, because of the experimental and analytical
difficulties encountered when working with cesium plasmas, prior to the completion
of this investigation, no other effective collision frequency measurements covering
the practical range of electron temperatures and degrees of ionization were avail-
able,

o + e e Meen oo
A Ann'&vewe ~f 'Tlv--n'l mations for the CioSs Devliua

Since the experimental measurement of plasma properties leads to a nor-
malized effective electron-cesium heavy particle collision frequency (Fig. 15), which
is an average over all electron velocities, it is necessary to determine how the in-
tegral (Eq. 15) describing this collision frequency behaves as a function of electron
temperature and degree of ionization for variations in the form of the velocity de-
pendence of the collision probability. Numerical integration techniques permit
analysis of this integrated behavior for trial forms of the collision probability
velocity dependence. Initially, various trial forms were selected on the basis of
best estimates as to the magnitude of the collision probability and on trends ob-
served in experimental and theoretical data. Subsequently, hundreds of additional
functions representing almost every reasonable magnitude and velocity dependence in
the range of interest were numerically integrated, yielding a variety of hypothetical
normalized effective collision frequency curves with electron temperature and degree
of ionigzation as variables. This was done so that an accurate estimate of the reso-
lution of the technique could be made and so that trends in the experimental data
could be understood and related to the type of cross-section behavior most likely
to have produced them.
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Trial Function Technique

As an illustration of the trial function technique, Fig. 16 presents four
hypothetical trial functions for the collision probability. These functions were
chosen to represent significantly different velocity dependent behavior in the range
of maximum sensitivity of this experiment; i.e., 0.3 to O.8~ﬂ;7. In order to illus-
trate the differences in the integrated values of such functions, the collision prob-
ability curves of Fig. 16 were integrated using Eq. 15 and compared with the experi-
mental data of Fig. 15. This comparison is presented in Fig. 17. On Examination of
this figure, it is apparent that the qualitative and quantitative behavior of the
normalized effective collision frequency, over the range of electron temperatures
and degree of ionization covered in this investigation, is significantly dependent
on the magnitude and velocity structure of the collision probability. Of the four
illustrative examples treated, none exhibits the strong electron temperature depend-
ence, coupled with the uniform spacing with varying degree of ionization, of the ex-
perimental effective collision frequency data (dashed lines in Fig. 17). Even
Curve B, which yields fair agreement with the experimental data for the lower elec-
tron temperatures, results in effective collision frequencies which are low by
approximately 50 per cent at the higher temperatures. The analysis of the numeri-
cal and experimental data in Figs. 16 and 17 is illustrative of the comparative
techniques used to analyze a wide variety of trial functions for the electron-
cesium atom collision probability. However, it is worth repeating that in order
to make a realistic appraisal of the resclution in the collision probability ve-
locity structure that could reasonably be expected, several hundred trial functions
have been numerically integrated and analyzed.

Comparison of Numerical and Experimental Data

Following the procedures outlined in the previous paragraphs, a particular
class of functions for the velocity dependent electron-cesium atom momentum transfer
cross section has been found, which, when integrated, gives the best fit to the ex-
perimental data of Fig. 15. The integrated value of this best estimate for the cross
section is compared in Fig. 18 with the experimental data. The dashed lines of
Fig. 18 are the same straight lines drawn through the effective collision frequency
data of Fig. 15. It is apparent from this figure that the quantitative and quali-
tative agreement between theory and experiment is quite good. The slope of the
effective collision frequency temperature dependence is exactly duplicated by the
theoretically calculated curve, and the agreement between theory and experiment for
the parametric dependence on the degree of ionization is also very good. The maxi-
mum discrepancy that does occur for the highest degree of ionization (2h X lO'h) is
only 15 per cent, which is well within the limits of uncertainty of the experiment,
the theoretical model, and the theoretical form used to represent electron-ion ef-
fects. The match between theory and experiment can be improved by decreasing the
electron-ion term(@yQgi(vi)in Eq. 15 with a corresponding increase in the electron-
atom term Qeq(v.For example, a 25 per cent reduction in @,Quviat each velocity
point for a degree of ionization of 6 x 107", when added to the Quu»used in the
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calculations leading to the numerical data of Fig. 18, results in almost a perfect
match between theory and experiment when ng is recalculated for ap equal to 3,
12, and 24 x lo—u, using the modified electron-atom cross section. A variation of
25 per cent in 2,5Qp;tv is with the limits of uncertainty associated with this term,
and therefore, additionzal refinement of the approximation for Qgq(vi would not be
meaningful,

Election-Cesium Atom Coilision Probability

Only one class of functions for the velocity dependent collision probabil-
ity yields the agreement between theory and experiment described in the previous
paragraph and shown in Fig. 18. Figure 19 presents this collision probability
(solid line in the figure) as a function of electron velocity. As can be seen from
the figure, the collision probability resulting in the best agreement between theory
and experiment is a strong function of electron velocity, rising from a minimum value
of approximately 100 collisions per cm per mm Hg in an electron velocity range cor-
responding to 0.4 to 0.6 ,/eV to a maximum over an order of magnitude larger at a
velocity in the 0.7 to 0.8.¢€V range where the strong possibility  of a resonance
in the collision probability exists. It is this very rapid increase in the colli-
sion probability at approximately 0.7\/57 that produces the strong electron tem-
perature dependence of the effective collision frequency. There is a loss of sen-
sitivity below about O.MHJEV due to the fact that for lower electron velocities
electron-ion interactions begin to dominate the collisional process for the de-
grees of ionization covered in this experiment. A decrease in sensitivity at the
high cnorgy ond of tho VOIOOiUy Spllliium iGouiLse fium Lhc omwall uwalel UL €lECLLIOLD
in the tail of the electron velocity distribution. However, for higher electron
velocities the collision probability must maintain the approximate magnitude in-
dicated by the cross hatched area of the figure; this magnitude is in agreement
with that established by Brode's total collision probability data. Although the
collision probability velocity structure cannot be precisely determined above a
velocity of about 0.8 ,/eV, the magnitude above this level still carries weight in
the integration leading to the effective collision frequency. For example, in
various trial integrations resonances in the collision probability with values
in excess of 3000 collisions per cm per mm Hg at an electron velocity of about
1,./eV were used in the calculation of the effective collision frequency. These
functions fall within the envelope defined by the dashed lines in Fig. 19. This
envelope indicates the limits of uncertainty in the collision probability in vari-
ous velocity ranges; the manner in which the envelope was established is discussed
in a subsequent paragraph.

Resolution of Trial Function Technique

The improvement of the resolution of this technique due to the requirement
that the theoretically calculated effective collision frequency match the experimental
effective collision frequency behavior as a function of two variables (electron tem-
perature and degree of ionization), rather than the usual single parameter (electron
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temperature), can be seen from the following example. Figure 20A shows the effec-
tive collision frequency for very low degrees of ionization (all electron-ion inter-
actions neglected) calculated from the collision probebility of Fig. 19 (solid line).
If it is assumed that this represents experimental data, another function which will
match this data reasonably well, the curve labeled b in Fig. 20B can be obtained by
numerical analysis. Both collision probability curves shown in the figure have the
same general behavior (increasing with electron velocity) and the same average megni-
tude, but it is apparent that there is a definite limit to the exmct amount of ve-
locity structure that can be determined when the experimental effective collision
frequency is a function of electron temperature alone; i.e., for very low degrees

of ionization. The extremes of the resulting uncertainty are represented by the

two collision probability curves of Fig. 20B, and together they define the envelope
indicated by the dotted line in the figure. The dominant feature of Curve a is its
rapld increase with velocity at higher velocities, while that of Curve b is its
rapid decrease at lower velocities. These features are of such a nature as to
result in approximately the same effective collision frequency behavior in the

range of electron temperatures of interest in this investigation when electron-ion
effects are ignored. However, when it is required that these twoc functions satisfy
experimental data for various degrees of ionization, this places 'additional require-
ments on the exact velocity structure of the ccllision probability as can be seen in
Fig. 20C where the two collision probability curves are shown to yield significantly
different behavior when electron-ion effects are included. Figure 20 illustrates
the fact that the coupling between the experimental electron temperature range of
this investigation and the electron velocity range of sensitivity is significantly
strengthened by the fact that the normalized effective collision frequency is de-
pendent on the degree of lonization as well as electron temperature. This resnlte
in a significant improvement in the ability of the technique to determine the ve-
locity structure of the electron-atom collision probability.

Effect of Variation of Electron-Ion Collision Term

In order to determine the extent to which the calculated normalized effec-
tive collision frequency is affected by variations in the effective electron-ion
cross-section term (Egs. 7 and 8), a variety of modifications to both the magnitude
and velocity dependence of this term were incorporated in Eq. 15 for the effective
collision frequency. The effective collision frequency was calculated first assum-
ing variation of approximately 50 to 100 per cent in the absolute magnitude of the
constant associated with the electron-ion term. The velocity dependence of
was also modif}ed and nu7erical integrations performed. Electron-ion cross sections
varying as v-T and v=I were used with a force fit to the standard v~ 2 term
(Egs. 7 and 8) at electron velocities of 0.35, 0.6, and 0.85./eV which correspond
to the low, medium, and high velocity ranges characteristic of the electron tem-
peratures of this investigation. The variations in the calculated normalized ef-
fective collision frequency caused by such manipulation of the electron-ion term
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are shown in Fig. 21. The solid lines in the figure are the same as those in Fig. 18
and represent the normalized effective collision frequency calculated using Eq. 15,
the collision probability of Fig. 19, and the standard electron-ion collision cross
section (Egs. 7 and 8). The shaded areas represent the limits of the variation in
the calculated effective collision frequency caused by alterations in the electron-
ion cross section as described above. It is apparent from the figure that the re-
sultant effect on the collision frequency is relatively small with neither the quali-
tative or quantitative behavior significantly altered. For reasonable variations in
the electron-ion term, such behavior would be expected since electron-ion effects,
although significant, do not dominate the collisional process for the degrees of
ionization encountered in this experiment.

Limits of Uncertainty in the Collision Probability

The numerical procedures described in the preceding paragraphs have been
used to establish the degree of uncertainty in the velocity structure of the colli-
sion probability resulting from variations inthe theoretical expression for the
effective collision frequency (Eg. 15); the over-all resolution of the "trial func-
tion" technique for the range of experimental variables covered in this investiga-
tion has also been considered. Various experimental checks (outlined in Section 3)
were made to insure that the plasma diagnostic systems were reliable. Therefore,
it is felt that the quantitative and gqualitative behavior of the experimentally
determined effective collision frequency data is correct. However, the possibil-
ity always exists that an undetectable systematic experimental error may result in
an alteration in the elane  +hnt not +the moemitnds  of the :ff::t:vc COriaisiun tice
guency. If this were the case, the absolute magnitude of v* off would not be signi-
ficantly affected. However, the exact velocity structure of the collision prob-
ability as determined from the integral analysis would be altered, particularly
at the extremes of the velocity range of interest where the sensitivity of the
technique begins to fade. 1In consideration of such a possibility, a variation of
approximately 25 to 50 per cent in the sl~ie of the effective collision frequency
data of Fig. 15, equivalent to a variation of about 15 to 20 per cent in the ex-
perimentally determined magnitude of V:ﬁ s, has been taken into account when es-
tablishing the envelope of uncertainty for the collision probability velocity
structure (dashed lines in Fig. 19). Such a variation is reasonable in view of
the known limits of accuracy of the experimental techniques.

A family of collision probability curves which forms this envelope has
been determined from an analysis of trial functions for Qgqwv. Each member of this
family when averaged over all electron velocities yields a normalized effective
0011181on frequency having the quantitative and general qualitative behavior of
the véﬁ data of Fig. 15 subject to the possibility of experimental error as de-
scribed in the previous paragraph. The envelope (dashed lines in Fig. 19) has
the same qualitative behavior as the collision probability curve yielding the
test fit to the experimental data of this investigation (solid line in Fig. 19).
However, it is apparent from the figure that the total increment of uncertainty
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(A%)in the collision probability magnitude as defined by the envelope can be guite
large, particularly at the extremes of the velocity range of sensitivity. This
should :ot be interpreted as meaning that any collision probability curve falling
within the envelope will, when averaged, satisfy the experimental data of this in-
vestigation. For example, an increase in the magnitude of the collision probability
in the lower velocity range of sensitivity (0.4 to 0.5%V) must be accompanied by

a decrease at higher velocities such as to yield the same magnitude and approximately
the same slope as the mgf data of Fig., 15 when averaged over the electron velocity
distribution. It should be noted that the collision probability of Fig. 19 is not
experimental data but rather is based on the interpretation of experimental data.
The range of uncertainty in the precise velocity structure of the collision prob-
ability, as determined from the analysis described above, is an indication of the
possible variations associated with this interpretation and also indicates the
importance of consistent and realistic interpretation of “average" or "effective"
collision probability data determined from experimental measurements of over-all
collisional effects in plasmas.

T. Conclusions

Averaging 9£ the Collision Frequency

The significance of the inclusion of a collision term to represent electron-
ion interactions in the theoretical formulation of Section 2 is easily appreciated
from the analysis of the experimental and theoretical data presented previocusly. How-
ever. the effect that differences in the averaging of the antnal velnrity Asrendant
collision probability can have on plasma transport properties (the actual measurables
in an experimental system) is not so obvious. The following example will illustrate
this point. The effective electron-heavy particle collision frequency or resistive
term for the dc flow of current through a homogeneous plasme was defined by Eq. 4
and can be written

5 ® my?
5 Sk,
-1 2 [ vie“'®

8 m
v = dv . (25)
eftlde) 3. /7 ( 2 kTe) ) Yeh(V)

where 7,,(v)is the total electron heavy particle momentum transfer collision fre-

quency. Subject to the same restricting assumptions pertinent to the derivation of

Eqs. 4 and 25, an effective collision frequency can be defined for the case where the
electric field is ac. If the square of the radian frequency of the electric field is
much greater than the square of the electron heavy particle collision frequency(u@JPLdv)zL
a case often encountered in practice, an ac effective collision frequency can be de-
fined

5 © _mv?

8 m_\2 2kTe
Vefflae) = —— ) v.nivivie
efflac) 3ﬁr<2kTe, Oeh

dv (26)
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which represents the over-all ac resistive effects due to collisional encounters
between electrons and heavy particles. It is apparent from Egs. 25 and 26 that,

if expressions of this type are used without consideration for the differences in
the averaging process, the resultant effective collision frequency will be depend-
ent on the experimental techniques used in the measurements. For example, dc con-
ductivity measurements can lead to an effective collision frequency given by Eq. 25,
and microwave attenuation measurements can result in an effective collision fre-
quency given by Eq. 26. Although an "average" collision frequency can be obtained
in this manner, Eg. 25 and 26 illustrate that the resultant effective dc and ac
collision frequencies do not represent the same average of collision frequency over
electron velocities. That is, effective collision frequencies of the type defined
by the preceding equations are not unique plasma paremeters as is the actual ve-
locity dependent collision frequency which depends on the properties of the atom
representative of the scattering gas.

Often an effective collision probability is obtained indirectly from the
measurement of plasma transport properties, which lead to an effective collision
frequency, by normalizing the effective collision frequency with respect to atom
density and dividing by the most probable or average electron velocity of a
Maxwellian distribution. This approach, which relates the experimental measurable
electron temperature to an electron velocity (Eq. 20), assumes that the heaviest
weighting of the collisional process occurs very close to the peak of the distribu-~
tion of the electron velocities. This assumption is not generally met in practice,
particularly for low electron energies where the collision frequency may be a strong
function of velocity over the range covered by the electron velocity distribution.
Me e comegguones, the 3o offootive Collicion ficyucuuy (Bye 25 would Le Lhe resull
of weighting the actusl velocity dependent collision frequency most heavily at its
minimum, and the ac effective collision frequency (Eq. 25) the result of weighting
which places greatest emphasis on the velocity range where the actual collision fre-
quency is a maximum.

Numerical calculations of the ac and dc effective collision frequency have
been made using a variety of hypothetical collision probability curves similar to
those presented in Fig. 16. The resulting differences in the effective collision
frequencies were found to be as high as a factor of four; even the qualitative be-
havior of the effective collision frequencies was different in certain ranges of
electron temperature. The effective collisional parameters defined by Eqs. 25 and
26 and a variety of other collisional parameters obtained from equations relating
such plasma transport properties as conductivity directly to & collision probaebility
are not unique plasma properties, but rather, are defined for convenience to repre-
sent the over-all effect of collisions on a particular measurement. Only in the
case of nearly constant collision frequency (v"l dependence of collision probability
on electron velocity) do all the effective forms of the collision frequency reduce
to approximately the same value and adequately represent the true electron heavy
particle collision frequency.
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Analysis of Available Collision Probability Data

The apparent necessity of including electron-ion effects in the analysis
of cesium plasmas in the ranges of electron temperature and degrees of ionization
of practical interest and the importance of proper averaging of the electron-cesium
heavy particle collision probabilities over electron velocities have prompted a re-
evaluation of the available average cesium collision probability data reported in
the literature. Of the available collision probability data (Fig. 1), only Refs. 2
and 3 attempted to determine the actual velocity dependent collision probability
from an integral analysis. References 4 through 11, involving measurement of a
variety of plasma transport properties, inferred an average collision probability
from an effective collisional term similar to those described in the previous
paragraphs. The average collision probability so determined was then plotted as
a function of most probable or average electron velocity which is a function of
electron temperature, an experimental measurable. In addition to the normal ex-
perimental error, the collision probability determined in this manner is subject
to the uncertainties associated with the differences in averaging described in the
previous paragraph. A considerable improvement in the understanding of the cesium
collision probability data results if the available data is converted back into an
effective collision frequency form and plotted as a function of electron tempera-
ture. This is accomplished by converting the velocity coordinate of each data
point of Fig. 1 to an electron temperature through the use of Eq. 20. A normalized
effective collision frequency is recovered by multiplying each collision probability
data point by its corresponding most probable velocity point. This conversion proc-
ess results in a presentation of the available experimental data in a form more
closely associated with the manner in which the measurements ware antnallr mads

Figure 22 presents the available experimental data (Refs. 2 through 11)
in effective collision frequency form, the experimental data of this investigation,
and numerically calculated normalized effective collision frequency extrapolated to
lower and higher electron temperatures. Although the lowest electron temperature
of the current investigation was approximately 2500°9K, the integrated collision
probability (effective collision frequency) can be numerically calculated for lower

electron temperatures with reasonable safety, since at lower temperatures and degrees

of ionization in the lO‘u to 10-3 range, electron-ion effects begin to dominate the
collisional processes. The theoretical curve was obtained using Eq. 15 and the col-
lision probability of Fig. 19. It is apparent from this figure that interpretation
of the available cesium collision probability data on the basis of an effective col-
lision frequency formulation which includes the effect of electron-ion collisions,

produces a clearly definable qualitative and quantitative trend. The general agree-

ment that results when the available data are analyzed on a common basis and compared

with the numerically calculated effective collision frequency is further evidence of
the importance of a consistent interpretation of experimental results and lends sup-
port to the validity of the collision probability curve resulting in the best fit to
the data of this investigation (solid line in Fig. 19).
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Extrapolation of Total Collision Probability Data

Additional evidence is available that the velocity dependent electron-cesium
atom collision probability must drop to an average value considerably less than the
value of 1400 collisions per cm per mm Hg suggested by Nottingham. In Pig. 23 is
plotted & smooth extrapolation of Brode'sl total collision probability data at the
higher velocity end of the range of interest to the low velocity momentum transfer
collision probability data of Refs. 2 and 3; the average value of the extrapolated
portion is approximately 1400 collisions per cm per mm Hg. The integrated value of
this extrapolated collision probability is compared in Fig. 24 with the effective
collision frequency of Fig. 22. For electron temperatures above approximately
2000%K, the integrated extrapolated collision probability curves yield the same re-
sult whichever low velocity path is followed, Ref. 2 or Ref. 5. Upon examination of
the figure, it is apparent that the normalized effective collision frequency of this
example 1s considerably higher in magnitude than the collision frequency which re-
sults in the agreement between the data of this investigation and the data of Refs.
2 to 11 (Fig. 22). The difference in magnitude between the two sets of collision
frequency curves varies from approximately a factor of 2 at the higher electron
temperatures (5000°K) to as much as a factor of 5 for electron temperatures of
about 1000°K. Since the I/:ff data presented in Fig. 22, above an electron tempera-
ture of 1000°K, represents information obtained from nine different experimental
efforts including the current investigation, it would seem reasonable to assume
that at least the correct magnitude of the collision probability has been estab-
lished. Consequently, a smooth extrapolation of Brode's data similar to that of
Fig. 23 or the assumption of a constant average value of approximately 1400 colli-
sions per cm per mm Hg could lead to considerable error in eralenlatinns nertaining
to plasma transport properties.

Comparison of Theoretical and Experimental Collision Probability Data

Although even approximate theoretical calculations leading to the electron-
cesium atom cross section are quite complicated, current interest has been stimulated
by the practical application of ionized cesium vapor in devices such as the thermionie
converter, It is of interest to analyze some of the more recent theoretical results
in light of the conclusions drawn from the experimental and analytical work of this
program. In Ref. 24 the total elastic scattering cross section for slow electrons
from cesium atoms was calculated theoretically. Various experimental values for the
pclarizability were used, and the cutoff parameter, the distance at which the polari-
zation-induced force disappears, was allowed to vary slightly. Consequently, three
different theoretical cross sections were determined, and it was found that signifi-
cant variations in the scattering curves are obtained for small changes in the cutoff
parameter. However, it is interesting to note that, of the three curves calculated,
two had very sharp resonances corresponding approximately to a collision probability
of 3250 collisions per cm per mm Hg at the peak, which occurred at an electron ve-
locity of approximately 0.9./eV. The total and momentum trensfer electron-cesium
atom cross sections were calculated theoretically in Ref. 25. The resultant scattering
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curves for both the total and the momentum transfer cases are similar., As in Ref. 24,
the resultant theoretical curve exhibits a resonance behavior having a peak of 1800
collisions per cm per mm Hg at an electron velocity of approximately 0.7-./eV and a
minimum of about 560 collisions per cm per mm Hg at O.25.¢€Vl A more recent calcula-
tion (Ref. 26) of both the total and momentum transfer elastic scattering cross sec-
tions has resulted in an extremely sharp resonance in both cross sections at about
0.5./eV. The magnitude of the momentum transfer cross section rises from a minimum

of about 200 collisions per cm per mm Hg at 0.35./eV to a maximum of 3300 collisions
per cm per mm Hg at O.SN/EVZ In this case the resonance is shifted more towards lower
electron velocities than in either of the previous two cases mentioned. However, the
general qualitative behavior featuring a pronounced resonance is the same. The total
and momentum transfer collision probabilities of Ref. 26 differ by as much as 100 per
cent in the 0.7 to 1.0./eV range, which indicates a significant angular dependence of
the differential scattering cross section. Such behavior points out the possible
error in the use of total collision probability data obtained from electron beam meas-
urements to calculate plasma transport properties which depend on the momentum trans-
fer collision probability.

The theoretical calculations of Refs. 24 to 26 are presented in Fig. 25 along
with the collision probability determined from the experimental and analytical data of
this program. It is apparent from the differences in the various theoretical curves
and from examples treated in the original references that the collision probability
is extremely sensitive to the theoretical form used to represent polarization effects.
Consequently, a model which accurately describes the atomic polarization by the in-
cident electron is a prerequisite for an accurate theoretical prediction of the
elastic electron scattering cross section for cesium. However. the general form of
the various theoretical scattering curves of Fig. 25 is the same and is in excellent
qualitative and semi-quantitative asgreement with the collision probability curve
determined from this investigation. Of particular significance is the theoretical
predication of a resonance in the 0.5 to 1.0./eV range, coupled with a sharp drop
to a minimum in the collision probability in the 0.3 to 0.7./eV range of electron
velocities. In Ref. 26, which is the most recent work and presumably an improvement
over previous calculations, an average value of the polarizability was used which
corresponds approximately to the average of the experimental values. However,
numerical experimentation in. Ref. 26 indicates considerable sensitivity to the
exact choice of the polarizability. Although the general shape of the theoretical
curve remains the same for slight variations in the polarizability, the location of
the resonance can be shifted along the velocity scale. Since the range of maximum
sensitivity of this investigation and the data of Refs. 4 through 11 corresponds to
the velocity range where theory predicts a sharp dip in the collision probability,
the analysis of the numerical and experimental data presented here indicates that
the actual location of the collision probability minimum (approximately 100 to 300
collisions per cm mm Hg) is in the 0.45 to 0.65./eV range of electron velocities
with the indicated resonance occurring in the 0.75 to l.O-JEV range.
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CESIUM ION-ATOM TOTAL COLLISION PROBABILITY MEASUREMENTS

8. Introduction

In order to obtain an insight into the mechanism responsible for the produc-
tion of the non-equilibrium jonization which exists in the neutralization plasma of
arc-mode thermionic converters, the loss rate of ions from the plasma must be accu-
rately known. In diffusion-dominated plasmas the loss rate of ions is determined by
their mobility. Preliminary measurements of the total collision cross section of ce-
sium ions interacting with cesium atoms have been made over the energy range of 0.12
to 9.7 eV using a modified Ramsauer experiment under Contract NASr-112. The present
investigations are extensions of this work to energies below 0.12 eV which is the
energy range of most interest in the analysis of the neutralization plasma that exists
in the converter. Knowledge of the cesium ion mobility provides an insight not only
into the loss rate of ions from the plasma but also of the possible energy transfer
mechanisms from the plasma to the emitter surface which can cause a significent
change in the emitter surface work function.

Extrapolations of high-energy charge exchange information reported in the
literature to the energy range of interest in the converter have been made by Sheldon.27
These extrapolations, which have included approximations to account for polarization
effects at energies below 1.0 eV, vary by as much as an order of magnitude. The low-
est energy at which charge exchange cross sections have been measured using beam tech-
niques is 6.0 eV (Ref. 28). Due to the nature of the experimental apparatus employed
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could be made in these investigations. Therefore, the reported charge exchange cross-
section information at an energy of 6.0 eV can be in serious error due to a large un-
certainty in the determination of the energy of the ion beam. Other attempts have
been made to determine cesium ion mobilities by observing the decay rate of the af-
terglow of a cesium plasma.29’30 In these measurements no attempt was made to de-
termine the nature of the ion energy distribution, and in some cases, the dominant
ionic species existing in the plasma was not identified. In the present experiment,
which uses a modified Ramsauer beam technique, contact potentisl effects have been
eliminated from the measurement by employing an electroformed collision chamber.

The energy, as well as the species of the ion beam interacting with the cesium atams
in the collision chamber, has been positively identified in these investigations.

The one limitation of this measurement has been that the cross section determined

by these techniques is a quasi total collision cross section which is dependent on
the resolution of the system. However, completely classical techniques have been
successfully used to analyze the total collision cross-section information to de-
termine the magnitude of the charge exchange contribution. A paper outlining the
results of this analysis and the cesium ion mobility determined on the basis of
these results was presented at the IEEE Thermionic Conversion Specialist Conference
held in Cleveland, Ohio, on October 26 to 28, 1964. One other essential feature

that this analysis of the cross-section information has brought out is the importance
of determining ion mobilities by integrating the diffusion cross section over the ion
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energy distribution rather than using a vezlue of the diffusion cross section which
corresponds to the temperature of the ion energy distribution to determine ion mo-
bility. In this report period further analysis of the available cross-section data
has been conducted to take into account the energy resolution of the collision cham-
ber and the effect of the finite velocity of the target gas atoms on the magnitude
of the measured low-energy total collision cross-section information. Ion beam en-
ergy distributions were obtained down to energies of 0.107 eV and ion beams with
energies as low as 0.058 eV were detected in the system. Attempts have been made
in this period to measure the total collision cross section at energies below

0.1 eV, but due to problems encountered with control of the cesium pressure within
the well, this information should be considered preliminary and should mot be con-
sidered as a quantitative measurement of the true cross section existing at these
energies.

9. Description of Experiment and Measurement Techniques

Beam techniques have been employed by many investigators to determine ion-
atom collision probabilities. The most noteworthy of these measurements are the in-
vestigations conducted by Ramsauer,31 the results of which are quoted in the English
literature incorrectly. The use of beam techniques at energies less than several
electron volts is seriously limited by uncertainties in the determination of the
ion beam energy due to contact potential effects which are particularly severe in
cesium enviromments. In this investigation, as in the earlier Ramsauer beam ex-
periments, the total collision cross section is determined by measuring the at-
tenuation ot an ion beam of known energy produced by an increase in collision
chamber neutral particle density. In the present cesium ion-atom total collision
cross-section measurements, contact potential problems were eliminated by employ-
ing an electroformed collision chamber in which no metal interfaces exist that can
give rise to possible contact potential effects. Shown in Fig. 26 is a schematic
drawing of the system employed in these measurements. Cesium ions are produced by
boiling cesium atoms through a porous tungsten cap which is maintained at a tem-
perature of approximately 1200°C. Standard accelerating-decelerating ion optics
are employed to extract ions fram the porous cap. Two sets of deflection plates,
one located immediately adjacent to the ion gun and the other located directly in
front of the collision chamber entrance slit, are employed to align the ion beem
with the collision chamber. A magnetic field applied perpendicular to the plane
of the schematic is employed to energy-select ions produced on the porous tungsten
cap, The collision chamber is designed so that the entrance and exit slits and the
necked-down portion in the center of the collision chamber serve as three degrees
of restraint which define the radius of a circle. The energy of the ion beam pass-
ing through the collision chamber is uniquely determined from a knowledge of cham-
ber geometry and the magnitude of the applied magnetic field. Re-entry type en-
trance and exit slits are employed on the collision chember to prevent external
electric fields from penetrating into the chamber, which can seriously perturb ion
trajectories. In these measurements the energy of the ion beam is uniquely deter-
mined only while the beam is within the collision chamber. Prior to entering the
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chamber the beam energy can be significantly altered by the accelerating-decelerating
optics system. Similarly once the beam exits the collision chamber, an accelerating
plate is used to deflect the lon beam off its initial trajectory in the magnetic field
and into an electron multiplier. Only a knowledge of the energy of the ion beam while
it is in the collision chamber is essential in the measurement. The measured total
collision cross section is composed of elastic scattering events that produce deflec-
tions of the ion beam greater than 0.0074 radians and essentially all charge exchange
interactions. All charge exchange collisions are measured in this system because the
newly formed ions produced by the interaction have incorrect trajectories in the mag-
netic field to exit the chamber. The attenuation of the ion beam can be zredicted by

-p.P x s
I=1IePot (=7)
where
I is the ion beam current exiting the collision chamber for a finite
pressure in the chamber
I is the icon beam current exiting the collision chamber for zero pres-

sure in the chamber
Po is the pressure in the collision chamber reduced to 273°K
Py is the number of collisions per cm of path per mm of pressure
X is the path length of the ion beam through the chamber.

The total collision cross section is determined by gradually increasing the
cesium pressure in the collision chamber and measuring the number of particles miss-
ing from the ion beam produced by the increase in chamber pressure. The length of
the collision chamber was chosen so that the operating cesium pressure in the cham-
ber ranged from 10-T to 1072 mm Hg. Therefore, at this pressure level the exit and
entrance slits on the collision chamber were always operating in the free molecular
flow regime. The operating pressure range of the vacuum system in the multiplier was
always several orders of magnitude lower than the cesium pressure in the chamber so
that additional collision events produced by interactions of the ion beam with the
background gas in the system could not produce spurious results. As Eq. 27 indicates,
the cross section can be determined by making a relative measurement of the attenua-
tion of the ion beam intensity and an absolute measurement of the cesium pressure ex-
isting in the collision chamber.

Method of Determining Ion Beam Energy

As it has been outlined in the previous section, the ion beam energy is de-
termined uniquely in these measurements from the radius of curvature determined by the
geometry of the electroformed collision chamber and the magnitude of the applied mag-
netic field. Since the collision chamber slits have a finite width, the ion beam fo-
cused through the collision chamber has & finite energy width. For the collision
chamber used in these investigations, the geometrical energy resolution of the cham-
ber is essentially the center energy E t;‘\.-.E, where AE is approximately 1 8 per cent
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of the center energy E. Shown in Figs. 27 through 33 are typical ion beam distribu-
tions obtained with this system. Shown in Fig. 34 is a comparison between theoreti-
cally calculated and experimentally measured ion beam energies at half-width, As
can be seen from this figure, the agreement between theory and experiment is ex-
tremely good. The determination of the absclute magnitude of the ion beam energy is
dependent upon the sbsolute magnitude of the applied magnetic field and the geometry
of the collision chamber.

The collision chamber geometry is determined by making careful measurements
prior to plating of the dimensions of the aluminum mandrel over which the copper col-
lision chamber is electroformed. These measurements include shadowgraphing the shape
of the mandrel so that the thickness of the copper plate can be determined absolutely
upon completion of the electroforming of the chamber. After the aluminum mandrel is
removed with caustic solutions from the electroformed chamber, X-rays are taken to
determine the actual build-up of copper in various portions of the chamber and also
to inspect the chamber for possible traces of aluminum from the mandrel which have
not been entirely removed by the caustic solutions. Shown in Fig. 35 is a typical
X-ray obtained of an electroformed collision chamber. As can be seen in this figure,
the width of the collision chamber slits is clearly defined as is the width of the
necked-down portion in the center of the chamber. Excellent agreement has been ob-
tained between the width of the necked-down portion determined by measuring the
thickness of the aluminum mandrel prior to plating and the thickness of this por-
tion determined from X-ray measurements.

Hall probes were used to align the Helmholtz coils employed to generate the

magnetic field in these messnremante Mo 3Imours thot £0plr alliguucul was achieved
between the coils and the collision chamber, a jig which represented the trajectory
of the ion beam within the collision chamber was mounted in the vacuum tank. Hall
probes were positioned along the jig to determine the magnetic field intensity at
various locations along the ion beam trajectory. The spatial resolution of probes
employed in these measurements was one eighth of an inch. This is large in com-
parison to the finite slit width of the chamber which runs from 0.020 to 0.030 of

an inch depending upon the particular chamber employed in the measurements. How-
ever, Hall probes were used to determine the average field and for alignment pur-
poses since it was not anticipated that a widely diverging magnetic field would be
produced by the Helmholtz coll configuration and since magnetic materials were
eliminated from the critical regions of the experiment. The absolute magnitude to
which the Hall probes could be calibrated over the range from approximately 50 to
700 gauss was T 3 per cent. To increase the accuracy of the absolute measurements
of the magnetic field, a rotating field gauss meter was employed. The absolute ac-
curacy of this system was to.1 per cent or 2 gauss. The accuracy of the rotating
field gauss meter at low magnetic fields was improved by employing a null balance
technique with a galvanometer to determine the magnitude of the field. The rotating
field gauss meter was calibrated against a 100-gauss laboratory standard which had
an accuracy of T 1 gauss at 100 gauss. The rotating field gauss meter coil employed
in these measurements encompasses a volume with a total diameter of 0.125 in. As
has been previously indicated, only the magnetic field along the trajectory of the
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ion beam within the collision chamber is essential in the determination of ion beam
energies. The accuracy of the determination of the center line energy from these cali-
brations is T 2 per cent at 0.21 eV. The radial variation in the magnetic field across
the ion beam trajectory was measured and found to vary by 0.3 per cent. A typical mag-
netic field calibration is shown in Fig. 36.

The most important aspect of the determination of the ion beam energy in
this system which makes it unique in comparison to other techniques is the use of an
electroformed collision chamber to eliminate uncertainties in the energy determination
produced by contact potential effects. Contact potential effects produced by prefer-
ential adsorption of cesium on electrode surfaces can significantly change the work
functions of these surfaces, thereby producing large uncertainties in ion beam energy
if retarding potential techniques are used.

Shown in Fig. 38 is a comparison of ion beam energies determined by using
electroformed collision chamber techniques with energies determined using essentially
retarding potential techniques. In this figure the results for two different experi-
mental conditions are presented. For one set of measurements, which are represented
by circular data points, the variation in the energy of the ion beam determined from
the potential applied to the ionizer cap to the energy of the beam determined from
the magnetic field energy analysis is approximately 0.25 eV across the entire energy
range. By maintaining all conditions constant in the experiment and changing the ce-
sium feed rate to the ionizer cap surface, thereby reducing the work function, the
difference in the energy determined by the two techniques is once again constant but
in this case is displaced by approximately 2.5 eV. This data is represented by the
trianonlar nainte dn Pice 27 Mhe ofP--b oF | Chlact putcublials wiicl 1s BO VIV1GLly
illustrated by these results can be responsible for the wide discrepancy in cross-
section information obtained by beam techniques at energies below 10.0 eV.

Cross-Section Determinations

The method employed to determine total collision cross sections in these in-
vestigations is to increase the cesium pressure in the collision chamber by increasing
the temperature of the cesium well. Accurate control and correct determination of the
cesium well temperature is one of the most difficult aspects of the experiment. From
cross-section measurements with target gases, such as argon and nitrogen, it was found
that the response time of the ion beam attenuation to changes in collision chamber
pressure was essentially instantaneous. In the cesium measurements the pressure of
cesium in the upper collision chamber was determined by measuring the temperature of
the coldest spot in the cesium reservoir. The cesium reservoir system is shown
schematically in Fig. 38. Both a copper baffle and a copper bottom were employed in
the cesium reservoir design in an attempt to insure that the cesium would be located
on the bottom of the reservoir. The stainless steel walls of the reservoir were
heated by conduction from the copper blocks which were used to maintain the copper
electroformed collision chamber at a temperature which was 100°C hotter than the
reservoir. Detailed temperature profiles taken on this system indicated that the
coldest location in the reservoir was the copper bottom. Thermocouples were buried
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approximately 0.125 in. below the surface of the copper so that an accurate measurement
of the cesium temperature in the reservoir could be obtained., The two thermocouples
located on the bottom of the reservoir were calibrated by measuring inlet and outlet
temperature of the cooling water of the reservoir under conditionsvwhere other thermal
fluxes incident upon the system were negligible. It was felt that the accuracy of the
measurenents of these two thermocouples was within lOC. In all cross-section measure-
ments the temperature of the cooling water around the cesium reservoir was changed
slowly, and the attenuation of the ion beam was meagured as a function of reservoir
temperature, Several experimental runs have been made in an attempt to determine the
rate at which the pressure changes in comparison to the rate at which a temperature
change occurs in the cesium reservoir. To date, for the measurements that have been
conducted with this system, it appears conclusive that the rate at which the pressure
change occurs is short in comparison with the time that ion cross-section information
is obtained. To insure that the measurements are completely reversible and that the
incident ion beam has not changed for reasons other than an increase in the pressure
in the collision chamber, a comparison of the initial ion beam current to the final
ion beam current once the cesium pressure has been reduced in the system is always
made. As can be seen from the typical ion beam attenuation curve shown in Fig. 39,
more than one pressure point is used to determine the actual value of the cross
section, When counting equipment is not required, a minimum of at least 10 pressure
points are used to determine a cross section., With counting equipment, which is

used only at low ion beam current levels, three to five points are used in the
determination of the cross section. This significant reduction in the number of

ion current attenuation points is caused by the fact that the time required to obtain
these points starts to become comparable with stability times of the system. From
thie data curwe it oon bo zoon thatl The 10 Llaw avvcuuaviun dues aul ©xulLlL 8
exponential behavior near zero pressures., This was due to the fact that there was

a secondary cesium well produced by a cool spot located on the sidewall of the
stainless steel cesium reservcir system. In an attempt to eliminate this problem

in the most recent measurements, a copper baffle, as shown in Fig. 38, was inserted
between the stainless steel sidewalls of the system and the main portion of the
cesium reservoir. The temperature at the lower edge of this baffle was maintained

at approximately 30°C above the cesium reservoir temperature to insure that secondary
cesium wells that could possibly form on the reservoir walls could not give rise to
spurious jion attenuation curves. Also to insure that the coldest spot in the
reservoir was located at the bottom rather than on the sidewalls, copper which has
excellent heat transfer characteristics in comparison to stainless steel was
substituted for the original material in the bottom of the reservoir. Cesium
pressure was determined from the vapor pressure curves of Ref. 32,

10. Analysis of Cross-Section Data
Since ion-atom cross sections at thermal energies are being measured, the

experimental results can no longer be interpreted in terms of a monoenergetic beam
of ions interacting with a gas of fixed target atoms.
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A computer program has been written which extracts the total ion-atom cross
section from the average cross section as measured in the modified Ramsauer experiment.
The experimentally measured cross section is really the true cross section as a
function of relative velocity of the interacting particles, Q( V), averaged over the
velocity distributions of the beam particles fb(Vb), of the gas atoms fg(vg) and over
the ratio of the relative velocity of the encounter to the beam particle velocity,

Vi /Vp. The last term, Vy/V, , converts the number of collisions per second to the
number of collisions per unit path length of the ion beam. Therefore, the averaged

cross section is given by

—_— Vi
oY - S tp (V) g V) 72 QWA Vg vy,
b
J (v Fglvg) a°vg d v,

which is similar to a form derived by Berkling, et al.33 By assuming a true cross
section of the form Q(Vy) = a/vrﬁsuﬂ.knowing fb(Vb) and f_(Vg), a double numerical
integration may be performed for a particular 8 giving Q i% terms of @ . The a

may then be adjusted to give the least squares fit of Q to the experimental data.
Computing Q for a series of B 's, a best least squares fit may be obtained. This
gives the best over-all values for a and B or equivalently the best true cross section

Q(Vr) =a/VrB.

4

Since the slits on the collision chamber have a finite width, a range of ion
velocities pass through the chamber for any applied magnetic field., A calculation

T~ dlhmd A el B e O e L
based on the gemmatry ~f +the oollicion chombor chows thot Lhe windoy 00 iou velulivies

is from 0.96 V¢ to 1,04 V¢ , where V¢ is the velocity of the particle which moves
through the centers of the three slits, that is, on a radius of 7.63 em. Therefore,
the size of the window is directly proportional to the center velocity of the beam.
The 1limits of the window are used as the limits of integration for the component of
the velocity in the direction of the beam current.

The ion beam is formed in an accelerating-decelerating-focusing system
which is space-charge limited. Depending on whether the ions in the beam have enough
time to thermalize, the velocity distribution function of the beam may range from an
accelerated half-M’axwellian3 to a Maxwell-Boltzmann distribution moving with a
drift velocity. Based on the estimated ion number density in the beam of lO6to 108/m3,
and an ion temperature of 0.1 eV, a thermalization time of about 1071 t0 1073 sec may
be calculated from Spitzer's formula°35 The ions in the beam spend from lO'2 to 1073
sec in transit through the 10 cm path length of the collision chamber., For these
conditions at least some thermalization should be expected. The beam distribution
may also be affected by space-charge effects and by high thermal velocities parallel
to the magnetic field removing some ions from the beam. Ion beam current distributions
were calculated on the basis of an accelerated half-Maxwellian and also on the basis
of a Maxwellian moving with a drift velocity. By varying the limits of integration,
plots of beam current as a function of energy were obtained for various center energies,
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Comparing the energy widths at half height of the ion current distribution with the
experimentally measured half-widths, it was observed that the accelerated half-
Maxwellian gave a much closer fit to the experimental datathan did the drifting
Maxwellian which gave half-widths much too wide. The results which indicate that
the accelerated half-Maxwellian should be used as the beam distribution function in
this case are presented in Fig. 3k,

Q was calculated for a series of B 's. In all these calculations, f (Vg)
was assumed to be a Maxwellian distribution at the temperature of the collision
chamber and the beam distribution was assumed to be an accelerated half-Maxwellian.
The value of 3 which gave the best least squares fit to the experimental data was
0.76; the @ at this point was T7.16 x 10°. Therefore, the cross section which best
describes the experimental data on the basis of this analysis is

5
71
Q) =18 210 g2 (29)
V, 0.76

The results of this analysis are presented in Fig. 40.

11, Measurements and Results

Further measurements of low-energy total cesium ion-atom collision cross
sections have been obtained with the new cesium reservoir. Modifications were made
in the Ariginal racerwvcir CDUCh Sihie Usualiled wewperalure proilles indicated that
a localized cold spot existed on the walls of the reservoir. This cold spot produced
a secondary cesium well which resulted in a nonexponential attenuation of the ion
beam for low cesium pressures in the collision chamber, as shown in Fig. 39. The
purpose of the copper baffle located in the lower portion of the new cesium reservoir
and the copper bottom in the reservoir, as shown in Fig. 38, was to suppress the
effects of secondary wells that could possibly form on the walls of the reservoir
by virtue of the fact that the baffle was operated at a higher temperature than the
walls of the reservoir and that the bottom was the coldest portion of the reservoir
due to improved heat transfer properties of the copper. Even though the temperature
profiles obtained with this new cesium reservoir design were much more uniform and
the surroundings of the main portion of the reservoir were at an elevated temperature
in comparison to the bottom of the reservoir, problems were still encountered with
cesium being trapped in the feed line which was located behind the baffle. As a
result, an uncertainty exists in the determination of the absolute neutral cesium
pressure in the collision chamber for the most recent low-energy cross-section data
obtained. As would be expected theoretically, with decreasing ion beam energy the
measured total collision cross section increased. Shown in Fig. 41 is a comparison
of this new data to information obtained previously with an all-stainless steel
reservoir system. Even though the new cross-section information appears consistent
with the previously obtained data, this new information should only at best be
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considered quantitative due to possible pressure uncertainties that can exist in

the reservoir system. This uncertainty in the absolute magnitude of the cross-section
information produced by the uncertainty associated with the determination of the
absolute cesium pressures in the collision chamber is reflected in the wide range of
scatter in the data obtained at energies near 1.4 eV,

Shown in Figs. 27 to 33 are typical ion beam distributions measured at
energies below 3.0 eV, Shown in Fig. 27 is an ion beam energy distribution obtained
at an energy of 0.107 eV. This distribution was obtained with a new multiplier of
the same design employed previously but of somewhat better construction. Being able
to obtain this ion beam distribution is a direct result of the improvements made in
the optics of the system and the fact that the whole experiment is now isolated from
floor vibration which appears as low-frequency noise to the detection system. The
minimim ion beam energy distribution obtained in this system was 0.107 eV. To obtain
this energy distribution, ion beams with energies as low as 0,058 eV were focused
through the collision chamber. The limiting parameter in obtaining low energy
distributions is the temperature of the ionizer cap which determines the energy
distribution of ions formed by contact processes on this surface,

The results of an analysis of the earlier cross-section information in
which the distribution functions of both the ion beam and the neutral particle
distribution are taken into account are shown in Fig. 41. The most significant
result of this analysis is that at low energies, on the order of 0.12 eV, the true
cross section determined from the low-energy measurements is really at relative
energies of 0,16 eV.
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Outline of Research for the Next Six-Month Period

Equipment will be set up to measure the total collision cross section of
electrons interacting with cesium atoms over the energy range of 0.5 to 2.5 eV,

Experiments will continue to refine and further analyze the low-energy cesium

ion-atom cross-section information.
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EXPERIMENTALLY DETERMINED AVERAGE ELECTRON-CESIUM
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EFFECTIVE ELECTRON-ION COLLISION CROSS SECTION
VARIATION WITH ELECTRON VELOCITY
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CESIUM DISCHARGE TUBE
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PLATE VOLTAGE, AVp — arbitrary units

CALIBRATION OF R.F. CONDUCTIVITY PROBE
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VARIATION OF ELECTRON DENSITY
WITH RADIAL POSITION
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EXPERIMENTALLY DETERMINED NORMALIZED EFFECTIVE

FIG. IS
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ILLUSTRATION OF TYPICAL TRIAL FUNCTIONS FOR THE

FIG. 16
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D-920243-12 ' ‘ ' FIG. 17
NORMALIZED EFFECTIVE COLLISION FREQUENCY CALCULATED
USING EQUATION 15 AND THE TRIAL FUNCTIONS FOR THE

COLLISION PROBABILITY SHOWN IN FIGURE |6
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COMPARISON OF EXPERIMENTALLY DETERMINED AND
NUMERICALLY CALCULATED NORMALIZED EFFECTIVE

COLLISION FREQUENCY
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ELECTRON-CESIUM ATOM MOMENTUM TRANSFER COLLISION
PROBABILITY DETERMINED FROM AN ANALYSIS OF THE
EXPERIMENTAL AND NUMERICAL NORMALIZED EFFECTIVE
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“ILLUSTRATION OF THE IMPROVEMENT I[N RESOLUTION OF
COLLISION PROBABILITY VELOCITY STRUCTURE THROUGH
DEPENDENCE OF EFFECTIVE COLLISION FREQUENCY ON
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‘ILLUSTRATION OF THE SENSITIVITY OF THE CALCULATED

EFFECTIVE COLLISION FREQUENCY TO VARIATIONS [N THE
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NORMALIZED EFFECTIVE COLLISION FREQUENCY FROM
REFERENCES 2 TOII COMPARED WITH UAC
EXPERIMENTAL DATA AND EFFECTIVE COLLISION
FREQUENCY CALCULATED USING EQUATION 15 AND THE
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ELECTRON —CESIUM ATOM COLLISION PROBABILITY
VARIATION WITH ELECTRON VELOCITY
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NORMALIZED EFFECTIVE COLLISION FREQUENCY CALCULATED

USING THE EXTRAPOLATED COLLISION PROBABILITY OF FIGURE 23
COMPARED WITH THE COLLISION FREQUENCY DATA OF FIG 22
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D-920243-12 - FIG.25
* THEORETICALLY CALCULATED ELECTRON- CESIUM ATOM

COLLISION PROBABILITY COMPARED WITH COLLISION
PROBABILITY DATA OF THIS INVESTIGATION

3600 T T I T l v | ] T T u

34004 \ _

i /
REF 24

TOTAL /
COLLISION
PROBABILITY I

32004

3000

28001 4
2600}~ \
1
2400~ \‘ 4
‘ .
|

2200~

20001

1 800} \
| | ‘4
1600 :

1400

1200 I -
| _ I,I/DATA oF -/
| | s PAPER/

1000}~

800— \
/ |
600~ ‘\

400} \

Pc—(cm-mmHg)

COLLISION
PROBABILITY

TOTAL
COLLISION
PROBABILITY

200 MOMENTUM TRANSFER
COLLISION PROBABILITY

— . —— — -




FIG. 26

. D-920243 - 12

/ y/ (304N0S NOI)

dvd N3IISONNL

SNO¥Od
¥3dvd 40
3NVId OL HVINDION3dN3d G314 OILINOVW
/ SL7S  ONISNJ04 /.sss HIBWVHO
WNNOVA
V W31SAS 8 W31SAS
WNNOVA : WNNIVA
2 |
|
AHOL193rVYyL)— S3LVd |
Wv3ag NOI12371430Q “
/ NOI €| _
! A¥OL193rvHL
~I Wv38 NOI
“l oMIva \ _
g - — — —
= S~
I S
R“ S
k |
|
]
1
1
“ ~
! _ - NOILV01
= — H3dILINW NOI

3lvid 00V
H3INILINN

Y38WVHD NOISINT00 Q3WN040¥19373

\

SNLvYvddv NOILO3S-SSOHD NOISI"T03 NOI 40 WwVH9VIQ OJILYN3HOS




D - 920243 - 12 FiG. 27

NORMALIZED ION BEAM ENERGY DISTRIBUTION

PEAK ENERGY = .107 eV
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NORMALIZED ION BEANM CURRENT

FIG. 28

NORMALIZED ION BEAM ENERGY DISTRIBUTION
PEAK ENERGY = 0.88 eV
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NORMALIZED ION BEAM CURRENT

FIG. 29

NORMALIZED ION BEAM ENERGY DISTRIBUTION
PEAK ENERGY = 0.97 eV
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NORMALIZED ION BEAM CURRENT
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FIG 32

PARTICLE ENERGY - eV
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NORMALIZED ION BEAM CURRENT

12 FIG 33

NORMALIZED ION BEAM ENERGY DISTRIBUTION

PEAK ENERGY = 2.59 eV
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'ENERGY HALF-WIDTH - eV
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X- RAY OF ELECTRO- FORMED COLLISION CHAMBER
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APPLIED CAP FOTENTIAL -V

VARIATION OF APPLIED CAP POTENTIAL

WITH MEASURED ION ENERGY
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COLLISION CHAMBER AND CESIUM RESERVOIR
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CURRENT — AMPS

ION BEAM

TYPICAL ION BEAM ATTENUATION WITH
INCREASING COLLISION CHAMBER PRESSURE
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